Discriminating phylogenetic signal from noise in DNA sequence data is a difficult problem in phylogenetic inference at higher systematic levels. For protein-coding genes, noise at synonymous (silent) positions can be filtered by deleting entire codon positions or types of change at a codon position. This method is not appropriate for replacement sites, because changes at each site within a codon may not be independent. This research presents a method using information from protein structure to evaluate variation in replacement sites.
Introduction
With the increase in structural models of proteins and the increase in sequences of protein-coding genes, information from one discipline becomes important for answering questions in another (Naylor and Brown 1997) . For example, the structure of a protein molecule is determined for that protein from one species. Details of the evolution of the structure-the importance of a specific amino acid at a point in the structure, the interaction of residues, and the correlation of amino acid change among residues-can only be learned when variation among a wide range of species is viewed within a phylogenetic context.
Similarly, knowledge of protein structure and the correlation of amino acid variation with structural features provides information about rates of variation and of covariation among codons in the gene coding for that protein (Naylor and Brown 1997; Goldman, Thorne, and Jones 1998) . This can be used to solve a difficult problem in phylogenetic inference at higher systematic levels: discriminating phylogenetic signal from noise in DNA sequence data. For these data, multiple substitutions at sites in sequences obscure phylogenetic signal (e.g., Brown 1983; Graybeal 1993; Helm-Bychowski and Cracraft 1993) . When changes occur several times along a branch in a phylogenetic tree, accurately estimating the ancestral character states at the node leading to that branch becomes a problem (Kim 1996) . One solution to this problem is to give less weight to rapidly evolving nucleotide sites in phylogenetic analysis (Swofford et al. 1996) . However, identifying rapidly evolving sites is not straightforward. Rates of change vary among sites in sequences, and this variation can be confounded by different rates of synonymous versus nonsynonymous substitutions and differences in rates of transversions and transitions.
For protein-coding genes in the mitochondrial genome, synonymous (silent) substitutions have long been recognized as sources of noise in higher-level phylogenetic analysis (Brown 1983) . The potential for noise at these positions can be identified using saturation plots (Brown 1983) . These sites can then be filtered by deleting entire codon positions or types of change at a codon position (e.g., Irwin, Kocher, and Wilson 1991; Graybeal 1993; Helm-Bychowski and Cracraft 1993; Kornegay et al. 1993; Simon et al. 1994; Honeycutt et al. 1995; Hackett 1996; Yoder, Vilgalys, and Ruvolo 1996; Naylor and Brown 1997) . However, all silent changes are not equivalent. Transversions accumulate at slower rates than transitions (Brown 1983) , and silent third-position transversions can provide phylogenetic signal at higher systematic levels (Hackett 1996; Yoder, Vilgalys, and Ruvolo 1996; Cunningham 1997; Griffiths 1997) .
Multiple substitutions and variation in rates of change can also cause problems at nonsynonymous codon sites (Griffiths 1997; Naylor and Brown 1997) . The ability to identify rapidly evolving sites within nonsynonymous codons and filter them may be necessary to infer accurate higher-level phylogenies (Naylor and Brown 1997) . Currently, a method to identify these sites does not exist. Analysis of change at each codon position through saturation plots is not appropriate, because changes at codon positions may not be independent; some amino acid changes require substitutions at more than one position in a codon.
A method to evaluate variation at nonsynonymous sites can be developed, with a shift in the framework for analyzing nucleotide variation. At the present time, DNA sequence variation is viewed linearly, as mutations occurring independently at sites along the sequence. It may be more useful to view sequence variation as part of a complex hierarchical system incorporating the constraints imposed on gene evolution by the function of the protein (Naylor and Brown 1997 to analyze variation in protein-coding genes at the amino acid level in translations of sequences. For example, in an analysis of exemplar taxa using sequences of the entire mitochondrial genome, a known phylogeny was inferred from a small subset of sites coding for structurally important amino acids (Naylor and Brown 1997) .
Rather than retaining only a small subset of codons, a more efficient method would retain all codons but identify those that are rapidly evolving (labile) and downweight these in phylogenetic analysis. To develop such a method, I investigated molecular evolution and phylogenetics of the mitochondrial protein-coding gene, cytochrome oxidase III. This gene is one of 13 subunits of the protein cytochrome oxidase. The structure of this protein has been elucidated through X-ray crystallography (Tsukihara et al. 1996) . The COIII subunit (one of three encoded in the mitochondrial genome) contains 261 amino acid residues, of which 187 are located in seven transmembrane helices and 74 are located in the extramembrane regions of the protein. Four of the helices are arranged in a four-helix bundle (Tsukihara et al. 1996) .
The goals of this investigation were to: (1) identify rapidly evolving amino acid residues (labile residues), (2) test the effect of downweighting the codons corresponding to these labile residues on the accuracy of phylogenetic inference, and (3) determine the structural correlates of variable and invariant residues. The expectation was that, in addition to offering insight into the evolution of protein structure, the structural correlates of variation could be used to improve the accuracy of models used in phylogenetic inference and provide guidelines to use in phylogenetic analyses of other proteincoding genes.
Materials and Methods

Taxon Sampling
Two data sets were used. A complete data set of COIII sequences of 64 species of fish, frog, mammals, and birds (appendix A) was used to identify labile residues, and a subset of these data, 16 species in 4 classes of vertebrates, was used to test the accuracy of phylogenetic analyses and to examine the covariation of sequence and structure ( fig. 1 ).
Analysis of Rapidly-Evolving Characters
Variation at each residue site was quantified by examining the amino acid translations of sequences of the complete data set. Each site was categorized by the number and functional class of amino acids at that site. For this analysis, the 20 amino acids were grouped into seven classes, hydrophobic (L, M, V, I, F), nonpolar (A, L, M, V, I, F, P), intermediate (nonpolar amino acids and S and T), uncharged polar (S, T, C, N, Q, Y), charged polar (K, D, E, H, R), aromatic (F, Y, W), and small (G, A, S). Classification of several amino acids is ambiguous. Alanine is placed in both polar (Dayhoff, Eck, and Park 1972) and nonpolar categories, and glycine is considered a special case (Branden and Tooze 1991) . Because all multiple changes with hydrophobic amino acids also included alanine, I grouped it with the nonpolar acids. The complete data set was then used to identify labile residues. This was accomplished in a two-step process: (1) identify pairs of rapidly changing amino acids, and (2) enumerate all residue sites in which these pairs occur and evaluate the rates of change at these sites.
For this analysis, a pair of amino acids was considered to be rapidly changing (hypervariable) if the pair occurred at a site in sequences of two closely related species. Thus, the first step (identifying rapidly changing pairs) consisted of pairwise examinations of the amino acid sequences of species within a genus. The underlying assumption is that protein structure is conserved for these closely related species. Therefore, if amino acids change at a site, those amino acids must be functionally equivalent, and there will be little or no constraint on change between them.
In the second step, labile residue sites were identified. Amino acid variation in the complete data set was mapped onto a phylogenetic hypothesis inferred from the DNA sequence data. Amino acid transformations at each site were then examined. A residue site was designated labile if (1) change at that site occurred between amino acid pairs previously labeled hypervariable, and (2) change occurred within a class of vertebrates. The latter was necessary because a pair of amino acids meeting the ''hypervariable'' criterion in step one might not change rapidly at all residue sites among a set of sequences. For example, the amino acids at one residue site in sequences of closely related bird species may vary between Ala and Thr (a ''hypervariable'' pair). However, at another residue site in that protein, all birds might have Ala and all mammals Thr. At that location, change between the two is constrained. Thus, the rate of variation depends not only on the equivalent functions of the pairs of amino acids, but also on the structural role of the residue sites within the protein in which they occur.
Phylogenetic analysis was performed using maximum parsimony as implemented in the test version 4.0d61 of PAUP*, provided by D. L. Swofford. MacClade (Maddison and Maddison 1992 ) was used to optimize amino acid characters onto the phylogenies. This phylogeny was produced only to provide one hypothesis for evaluating amino acid change within residues and not to resolve taxon relationships. Because the criterion used to designate labile residues was change within a class of vertebrates, the accuracy of this phylogeny was important only to the extent that classes of vertebrates were identified as monophyletic; the accuracy of the detailed relationships was unimportant for this phase of the analysis.
Phylogenetic Tests
The effect of downweighting these labile residues on phylogenetic inference was tested in a series of analyses assessing accuracy in recovering a well-accepted phylogeny. This research was an attempt to assess character evolution; therefore, all phylogenetic analyses were performed using maximum parsimony (as implemented in the test version 4.0d61 of PAUP*). Phylogenetic analyses employed the heuristic algorithm, with 100 random-addition replicates in which the stepwise addition of taxa varied. Bootstrap analyses (100 bootstrap replicates) were run to provide a measure of support for nodes recovered in these phylogenies.
Seven phylogenetic analyses were performed to assess the results of differentially weighting labile codons and other sites that are traditionally considered noisy (silent sites, transitions, third-position transitions). This was done to determine if labile codon weighting was necessary, or if other solutions were as effective in filtering noise from phylogenetic signal. The seven analyses were: (1) equal weighting of all characters, (2) all transitions given a weight of zero, (3) all transitions given half the weight of transversions (2:1 weighting), (4) all silent sites deleted (Leu codons, silent third-position transversions and all third-position transitions), (5) only silent transitions deleted (all third-position transversions retained), (6) labile codons downweighted and all silent sites deleted, and (7) labile codons downweighted and silent transitions deleted. Downweighting labile codons was accomplished by giving conservatively changing codons a weight of 2 and giving other sites a weight of 1. Retention indices of the data, partitioned into labile and nonlabile codons, were calculated.
The ''well-accepted'' phylogeny used to assess the seven analyses included 16 vertebrate species ( fig. 1) . The relationships among the five bird species in the phylogeny are supported by molecular and morphological data (Cracraft and Mindell 1989; Sibley and Ahlquist 1990) . Within mammals, the marsupial as basal taxon and the monophyly of rodents and primates are supported by molecular and morphological data (Honeycutt and Adkins 1993; Cao et al. 1994; Cummings, Otto, and Wakely 1995) . The grouping of whale and cow is supported by fossil, molecular, and morphological data (Honeycutt and Adkins 1993; Allard, McNiff, and Miyamoto 1996) , and the relationship of carnivores (seal) to that clade is supported by molecular data (Honeycutt and Adkins 1993; Cao et al. 1994 ). Although there is support for rodents being basal among the eutherian species included in this phylogeny (Cao et al. 1994; Cummings, Otto, and Wakely 1995) , I have chosen to represent eutherian species relationships as a polytomy, reflecting existing controversy about those relationships (Novacek 1994; Allard, McNiff, and Miyamoto 1996) .
Analysis of Amino Acid Variation
All amino acid changes among the 16 taxa included in the well-accepted phylogeny were enumerated using MacClade (Maddison and Maddison 1992) . Changes at each residue site were examined in detail to identify patterns of change corresponding to codon position and protein structure.
The PDB image of bovine cytochrome oxidase (IOCC) provided structural information (Tsukihara et al. 1996) . Details of the protein structure and interactions of the amino acid residues were examined using the program RASMOL (Sayle and Milner-White 1995) . The location of each residue in the COIII subunit was assigned to one of two states: being in the extramembrane portion of the enzyme, or being within a transmembrane alpha helix. Those residues in helices were further classified as occurring either at the boundaries of the helix (near the membrane surface) or on different sides of a helix (facing the inside of the helix bundle, another helix, or the membrane).
Results
Analysis of Rapidly Evolving Characters
Of the 190 pairs of possible amino acid changes, 136 occur in this data set. Examination of amino acid changes in species within a genus found 18 of the 136 pairs to be hypervariable (table 1) . Hypervariable changes occurred in 54 of the 127 variable sites (appendix B), suggesting for this data set that phylogenetic signal may be compromised in 42% of the nonsynonymous codons.
Phylogenetic Tests
Seven tests were run to assess the accuracy in recovering a well accepted phylogeny ( fig. 1 ). These differed in the subsets of data that were differentially weighted. Four of the seven analyses failed to retrieve all nodes in this phylogeny ( fig. 2) . These either retained noisy data (third-position transitions; fig. 2A and C) or deleted informative data ( fig. 2B and D) . Equal weighting of all sites ( fig. 2A ) grouped the opossum with rodents. Transversion parsimony ( fig. 2B ) placed the suboscine flycatcher basal to the falcon. Retaining transitions but downweighting transitions relative to transversions ( fig. 2C ) failed to retrieve the relationships of the marsupial (opossum) basal to the eutherians and the fal- 
-
NOTE.-The frequencies of these changes in the phylogeny of vertebrate taxa are given as grand totals and totals in each of two regions, transmembrane helices (187 residues) and extramembrane regions (74 residues). con basal to the passeriforms. Finally, deleting all silent sites and including silent third-position transversions ( fig. 2D ) grouped the flycatcher with the falcon and failed to retrieve the whale and cow relationship.
Three analyses retrieved the accepted phylogeny. In each, silent transitions were deleted. In addition, one or both of two conditions was satisfied: (1) silent thirdposition transversions were retained, or (2) labile codons were downweighted. Differences in the results of these analyses appear in the bootstrap support for nodes (table  2) . Downweighting labile codons (analysis 6) recovered more accurate phylogenies than retaining silent transversions (analysis 5). Combining the two recovered the most accurate phylogeny (analysis 7).
The designation of residues as labile based on the a priori analysis is confirmed when the retention indices (RIs) of the residues (and corresponding codons) are compared (table 3) . Labile partitions have lower RIs than nonlabile partitions. In addition, the number of characters with RIs less than 0.75 is significantly greater for labile than for nonlabile residues ( 2 ϭ 29.3, P Ͻ 0.001).
Variation by Region
The overall pattern of variation is that expected from a protein in which most residues (72%) are in transmembrane helices. Most (84%) of the hydrophobic and nonpolar residues that vary are located in the transmembrane regions (table 4). The majority (56%) of the varying polar residues are in the extramembrane regions. This region also contains the majority of the mixed residues, those in which the amino acids vary among functional classes.
When the known phylogeny ( fig. 1 ) was used to enumerate the total number of amino acid transformations (table 5), similar patterns emerged. A major portion (70%) of the changes involve nonpolar amino acids, mainly in residues in the transmembrane helices (table  5) . Polar amino acid mutations predominate in the hydrophilic environment of the extramembrane regions (with 28% of the total residues but 77% of the polar changes). The exceptions to this are three pairs of changes occurring significantly more in the extramembrane regions; between the hydrophobic amino acids Val and Met (4 of 6 changes; 2 ϭ 7.5, P Ͻ 0.01), the aromatic amino acids Phe and Tyr (13 of 17 changes; 2 ϭ 10.1, P Ͻ 0.005), and Pro and Ser (all changes; 2 ϭ 4.2, P Ͻ 0.05). Hypervariable changes follow this pattern. Five of the 18 pairs (28%; table 1) are transformations among polar amino acids. Four of the five occur predominantly in the extramembrane regions, whereas changes among nonpolar pairs take place mainly in the transmembrane regions. Within each region, however, the proportion of labile residues is similar (21%).
Finally, although proline is a structurally important amino acid, transformations involving proline are not all conservative. The environment in which change occurs is important (Goldman, Thorne, and Jones 1998) , with hypervariable changes occurring predominantly in the extramembrane regions (table 1) .
Variation by Codon Position
Although most residues are in the transmembrane region, the most variable amino acid is polar rather than nonpolar. Threonine is involved in 116 of 398 changes and in 12 of the 69 pairs (table 5) vative threonine changes involve both first and second codon positions.
The observation that hypervariable changes involve mutations at only one codon position is reinforced when frequency of change is analyzed by codon position (table 6). Seventy-eight percent of total and 94% of hypervariable changes involve only a single nucleotide mutation. Except for third-position transversions, over 50% of changes at each codon position (and for each type of change) are hypervariable. This contradicts the assumption that first and second codon positions are more reliable for phylogenetic inference (e.g., Irwin, Kocher, and Wilson 1991; Kornegay et al. 1993; Honeycutt et al. 1995) .
In addition, conservative amino acid transformations (requiring mutations at more than one codon position) are not distributed randomly in the phylogeny.
Basal nodes, connecting classes of vertebrates or orders within classes, are composed of a higher proportion of these changes than are terminal nodes ( fig. 3) .
Correlation of Variation with Structure
Within each of the two major regions of the protein, residue variation is correlated with protein structure. A disproportionate amount of labile residues (39%) are located near the surface of the membrane, at the ends of helices in the transmembrane regions, and near the connection of the extramembrane residues to the helices.
Within transmembrane helices, residue variation is correlated with location on particular sides of the helix. Variable (and labile) residues tend to be on the side facing the membrane. Invariant residues tend to be on the side facing a second helix or facing the inside of the four-helix bundle; at least 70% of these residues are invariant.
Correlation of Variation Among Residues
Interactions among residues (potentially important for maintaining secondary and tertiary structures) constrain rates of change. Mapping change onto a phylogeny identified 19 residue sites in which amino acid transformation defines classes of vertebrates (invariant within classes but varying between classes; appendix B). Fourteen of these are in transmembrane helices. In 10 of these, transformations are correlated. . Although three of these four changes are between hypervariable amino acid pairs, the residues are not labile. The correlation of change between neighbors limits rates of change at these sites. Sites 18, 19, 23, 49, and 53 and residues 143, 144, 151, 159 , and 165 form two sets of interacting residues. Within each set, several kinds of correlated change occur: (1) residues are four sites apart and interact to maintain secondary structure of the helix (19 and 23; 49 and 53); (2) residues are seven sites apart, above each other on the same side of the helix (144 and 151); (3) residues in neighboring helices interact in the ''grove-and-ridge'' fit of these adjacent helices (Chothia, Levitt, and Richardson 1977) , important in maintaining the tertiary structure of the protein. These interactions include sites 19 and 23 in helix 1 interacting with residues 50 and 53 in helix 2, and site 151 in helix 4 interacting with 159 in helix 5.
Phylogenetic hypotheses also elucidate the timing of these changes. Thus, in mammals, residue 50 changes from M to N (in the node leading to eutherians) only after residue 23 changes from A to S (in the node leading to mammals).
Discussion
An expectation of this research was that guidelines might be found to refine models used for phylogenetic reconstruction. One conclusion from this study is that silent and nonsynonymous sites should be evaluated and analyzed differently. For these data, silent third-position transitions reduced the accuracy of the inferred phylogenies. On the other hand, silent third-position transversions retained phylogenetic signal, producing more accurate phylogenies. Differential weighting by nucleotide position and type of change is effective in filtering noise at these silent sites.
Differential weighting by nucleotide position is not appropriate for nonsynonymous changes. Because each codon position has a high proportion of changes that are hypervariable (table 6), filtering noise by codon position is ineffective. In addition, changes are correlated among the three positions. These interdependent changes cannot be distinguished at the individual nucleotide level but can be distinguished at the codon level in the amino acid translations of codons. Assessing rates of change of amino acid residues and downweighting codons representing labile residues is effective in alleviating problems in retrieving phylogenetic signal at nonsynonymous sites. Additional guidelines were found that may be general predictors of rates of change at replacement sites. For example, amino acid transformations requiring two nucleotide mutations are more conservative and tend to be located at older, more basal nodes than those requiring a single mutation. Within the two major regions of the protein, hypervariable changes occur in residues composed of amino acids in the appropriate functional class. Residues with polar amino acids tend to be labile in the extramembrane region, whereas residues with nonpolar amino acids tend to be labile in transmembrane helices.
Examining change within a phylogenetic context provides insight into rates of variation. However, this information must be viewed within the framework of the structural role of the residue. Thus, although hypervariable changes (table 1) are good predictors of labile residues, some residues containing hypervariable amino acid pairs were not labile. Interaction between adjacent residues in helices (important for secondary structure) or interaction between residues in neighboring helices (important for tertiary structure) constrains change at these sites.
These results highlight the importance of the interchange of information between structural biology and phylogenetics. Potentially labile codons in sequences of protein-coding genes can be identified through understanding the structural role of the corresponding amino acid residues. This information can be used to construct more accurate models of evolution for use in different methods of phylogenetic reconstruction. Conversely, details of the evolution of protein structure can be elucidated through phylogenetics. Phylogenetic hypotheses provide information about the interactions (and the timing of those interactions) of residues important for maintaining secondary and tertiary structures of the protein. 
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